Abstract This study investigates five megacrysts of xenotime (XN01, XN02, XN03, XN04, and XN05) as potential reference materials (RMs) for U-Pb geochronology. These crystals belong to a 300 g xenotime assortment, collected from alluvial deposits in SE Brazil. Electron microprobe and Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) analyses show that the selected crystals are internally homogeneous for most rare earth element, (REE, except some light REE) but are relatively heterogeneous for U and Th. The xenotime REE patterns are consistent with an origin from hydrothermal quartz veins in the Datas area that cut greenschist-facies metasediments and that locally contain other accessory phases such as rutile and monazite. High-precision U-Pb Isotope Dilution-Thermal Ionization Mass Spectrometry (ID-TIMS) analyses showed slight age heterogeneity for the XN01 crystal not observed in the XN02 sample. 
Introduction
Given their commonly high U and Th, low common Pb contents, and low Pb-diffusivities, minerals such as zircon, monazite, and xenotime are valuable chronometers for dating a wide range of geological processes (e.g., diagenesis, magmatic crystallization, (poly) metamorphism, and/or hydrothermal mineralization), as well as for characterizing the provenance of sedimentary materials. Xenotime ([Y, heavy rare earth element, HREE]PO 4 ) is the least common of these accessory minerals, but it occurs in several geological environments, including as a detrital heavy mineral (Emden et al., 1997) , as diagenetic overgrowths on zircon in sedimentary rocks (Rasmussen, 2005; Rasmussen et al., 2004) , as a metamorphic accessory phase in lower greenschist-to granulite-facies metapelitic rocks (Hetherington et al., 2008; Rasmussen et al., 2010 Rasmussen et al., , 2011 , as magmatic crystals in peraluminous felsic igneous rocks (Förster, 1998) and, rarely, in carbonatites (Wall et al., 2008) , and in hydrothermal veins or mineralization (Hazarika et al., 2017; Rasmussen et al., 2007) . It is considered a robust mineral for U-Th-Pb geochronology because of its favorable U-Th-Pb composition, high U, and low common Pb contents (Rasmussen et al., 2010) , as well as its low Pb diffusivity over geological timescales, at least for temperatures below 750°C (Cherniak, 2006; Dahl, 1997) .
As with other accessory phases (e.g., monazite, zircon, titanite, and allanite/rare earth element [REE]-epidote; Bea & Monteiro, 1999; Buick et al., 2006; Dalquist, 2001; Fisher et al., 2017; Gregory et al., 2009; Storkey et al., 2005) , xenotime compositions and their derivatives, including chondrite-normalized REE patterns and Eu anomalies, can be used to link its growth to that of other datable accessory phases, or major silicate mineral assemblages of known petrogenetic significance and, potentially, to distinguish between hydrothermal, subsolidus, and suprasolidus origins (e.g., Aleinikoff et al., 2012 Aleinikoff et al., , 2015 . In metamorphic and/or felsic magmatic rocks, xenotime may buffer the Y and HREE content of coexisting minerals, thus forming a basis for geothermometry (e.g., xenotime-buffered Y-in-garnet thermometry: Pyle & Spear, 2000 ; monazitexenotime Y-and HREE-solvus geothermometry: Andrehs & Heinrich, 1998; Heinrich et al., 1997; Viskupic & Hodges, 2001 ).
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Xenotime U-Pb geochronology usually requires an instrumental approach that provides high spatial resolution (e.g., in situ dating) because of well-known textural complexities. For example, diagenetic xenotime overgrowths on zircon are commonly narrower than 20-40 μm (e.g., Rasmussen et al., 2007) , while, in felsic magmatic rocks, xenotime may contain xenocrystic cores and magmatic overgrowths that are difficult to separate physically (Miller et al., 1992) . Xenotime grains in metamorphic rocks may contain multiple domains of different ages and chemical composition (e.g., Aleinikoff et al., 2012; Rasmussen et al., 2011; Viskupic & Hodges, 2001) since it is susceptible to fluid-mediated dissolution-reprecipitation or dissolution-replacement reactions (Švecová et al., 2016) . Thus, the majority of xenotime high spatial resolution dating has been undertaken by either secondary ionization mass spectrometry (SIMS, mostly through SHRIMP-II instruments; e.g., Rasmussen et al., 2007 Rasmussen et al., , 2001 or through EPMA chemical dating (e.g., Hetherington et al., 2008) . The latter method cannot assess concordance in the U-Pb isotope system.
Perhaps one of the main problems in dating xenotime (or other minerals) via in situ methods is the availability of matrix-matched reference materials (RMs) for calibration and quality control. In situ U-Pb measurements rely on external calibrations, which are invariably done using the standard-bracketing method, and use one or more additional matrix-matched RMs for quality control purposes. Even though matrix corrections can be applied for elemental mismatch (e.g., Fletcher et al., 2004) , it is preferable to avoid further sources of uncertainty when possible. With the ever-increasing number of Laser Ablation-Inductively Coupled Plasma-Mass Spectrometry (LA-ICP-MS) instruments, there is therefore a constant need to develop matrix-matched RMs for U-Pb geochronology and isotope geochemistry in general. Nonmatrix-matched dating of xenotime by LA-ICP-MS, using zircon as the primary calibrant, for example, has been shown to result in significant matrix effects and the calculation of incorrect ages (Liu et al., 2011) . Moreover, the search for reliable RMs has escalated because of the popularity of LA-ICP-MS U-Pb geochronology, which consumes relatively large amounts of RMs compared to SIMS or EPMA.
There are currently only three internationally distributed RMs for xenotime U-Pb geochronology. These are the MG-1 and BS-1 xenotime crystals described by Fletcher et al. (2004) , dated at 490 ± 0.3 and 508.9 ± 0.3 Ma, respectively, and the z6413 xenotime of Stern and Rayner (2003) , dated at 993.8 ± 0.7 Ma. These materials are primarily used in SHRIMP laboratories and are generally not available in sufficient quantities to distribute to LA-ICP-MS groups. Moreover, the existing standards vary significantly in U and Th contents , and the extent to which the major element composition of xenotime RM may cause matrix effects for LA-ICP-MS U-Pb geochronology, as appears to be the case for SIMS-based studies (Fletcher et al., , 2000 , also needs to be addressed. Therefore, there is a clear demand to be met for the development of new xenotime RMs for U-Pb geochronology.
In this paper, we characterize xenotime crystals from Southern Espinhaço Range, SE Brazil, as a potential RM for U-Pb geochronology. The Southern Espinhaço Range is the fold and thrust belt of the Araçuaí Orogen (AO; Alkmim et al., 2006) . It is marked by a wide range of mineral deposits (e.g., hyaline quartz, tourmaline, and gemstones) associated with extensive hydrothermal fluid flow at circa 495-515 Ma . More recently Gonçalves et al. (2018) described homogeneous, circa 495 Ma hydrothermal monazite crystals from the Diamantina region that have been proposed to be suitable RM for U-Pb geochronology by LA-ICP-MS and/or SIMS techniques. The xenotime crystals studied herein are from the same area and likely formed in similar hydrothermal quartz vein deposits. They occur as centimeter-diameter, gem-quality megacrysts and are relatively easy to obtain in high enough quantities for distribution to LA-ICP-MS laboratories. However, individual megacrysts from these deposits have not previously been studied and require characterization for chemical homogeneity tests via in situ techniques to assess their suitability as U-Pb RMs, followed by high-precision TIMS U-Pb geochronology. Geochemistry, Geophysics, Geosystems 
Sample Provenance
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Geochemistry, Geophysics, Geosystems metasedimentary sequences of the Rio Paraúna (Paleoproterozoic) and Espinhaço (Mesoproterozoic to early Neoproterozoic; Chemale et al., 2012) Supergroups and carry accessory minerals such as rutile, anatase, brookite, xenotime-(Y), and rare monazite-(Ce). Regional studies, coupled with mineral geochemistry, have related these quartz veins to multiple episodes of devolatilization during folding and metamorphism at circa 500 Ma (Scholz et al., 2012) .
Analytical Methods
Major and trace element compositions and U-Pb isotope analyses were obtained independently using a range of instruments at several institutions (Table 1) . For this study, we have selected five well-shaped, euhedral to subhedral 1 to 2 cm long crystals (named XN01 to XN05). The crystals were then broken, and the selected transparent shards were mounted on double-sided tape, cast in 2.5 cm diameter epoxy resin mounts and then polished to obtain a flat surface suitable for different techniques. Two mounts were prepared, one with three to four random fragments from each crystal (hereafter referred as M1) and another one with the crystal XN03 (hereafter M2). Imaging and isotopic compositions were determined in both mounts, while chemical compositions were determined on mount M1. The high-precision U-Pb Isotope DilutionThermal Ionization Mass Spectrometry (ID-TIMS) data were obtained from two random fragments of the same crystals that were used to prepare mount M1. Backscattered electron (BSE) images were acquired using a JSM-6510 JEOL scanning electron microscope and chemical compositions were obtained by a JXA-8230 JEOL electron microprobe analyzer (EMPA) equipped with five wavelength-dispersive system spectrometers at the Universidade Federal de Ouro Preto (UFOP) in the Laboratório de Microanálises. Chemical compositions were also obtained using an Element II SF-ICP-MS, coupled with a G2-PhotonMachines excimer (193 nm) laser ablation system (e.g., Santos et al., 2017) at the Laboratório de Geoquímica (UFOP). U-Pb ages were obtained using quadrupole, sector field single collector, and multicollector ICP-MS instruments (LA-Q-ICP-MS, LA-SF-ICP-MS and LA-MC-ICP-MS) at UFOP (e.g., Gonçalves et al., 2018; Santos et al., 2017; Takenaka et al., 2015) . The U-Pb measurements were undertaken in automated mode, with a spatial resolution of 20-30 μm. . The BS-1 xenotime was used as secondary RM. The ID-TIMS U-Pb isotope ratios and ages were determined at the University of Toronto's Jack Satterly Geochronology Laboratory (JSGL, Canada) and the University of Oslo (Norway) using a VG354 and a MAT262 TIMS, respectively. A full description on the instrumentation and analytical conditions is given in the supporting information (Gerstenberger & Haase, 1997; Gerdes & Zeh, 2006 Gonçalves et al., 2016; Hiess et al., 2012; Ludwig, 2003; Stacey & Kramers, 1975; Van Achterbergh et al., 2001 ).
Results
Mineralogical and Chemical Characterization
The acquired batch of xenotime contains crystals that are variably euhedral to subhedral and range from a few millimeters to several centimeters in length. The five crystals selected for this study are brown, mostly 
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Geochemistry, Geophysics, Geosystems subhedral in shape, and vary in length from 1 to 2 cm, with typical basal sections that are 3 to 5 mm wide on each side (Figure 2 ). The crystals have large homogeneous domains separated by fracture planes. Some grains may show densely fractured domains, also marked by a number of pits and minor mineral inclusions. The homogeneous domains are invariably translucent under the optical microscope and free of inclusions. BSE images of a whole crystal ( Figure 3 ) show oscillatory zoning (due to crystal growth) and some fractured domains. On the other hand, small shards (100-200 μm) from the megacrysts are homogeneous in BSE images, which suggests that they are likely to be homogeneous in major/minor element concentrations (discussed later) at a smaller scale. Some domains with alteration, mainly along cleavage planes, can be seen with BSE but they are easily avoided under transmitted light during LA-ICP-MS analysis. (Table 2) . This is consistent with the calculated mole fractions, where the huttonite, brabantite, and monazite end-members are negligible (Table 2) .
Tests for chemical homogeneity via electron microprobe were done through profiles across three different crystal fragments from each of the five samples selected for this study. The results show that each fragment is internally homogeneous and does not show any zoning pattern. Different crystals generally have comparable chemical compositions. Small variations were observed between crystals for Y 2 O 3 (47.21 to 49.16 wt %) and ThO 2 (0.05 to 0.14 wt %). Light rare earth element (LREE) concentrations were below detection limit for this technique.
The internal compositional variation of the individual fragments was also assessed by LA-SF-ICP-MS. The average values obtained for each crystal are presented in Table 3 . Note. The structural formula is based on four oxygen, and the mole fractions are calculated following Pyle et al. (2001) . The complete data set can be found in the supporting information. REE = rare earth element.
Geochemistry, Geophysics, Geosystems
For the analysis of mineral compositions by LA-SF-ICP-MS, 5 analyses were obtained from each fragment, for a total of 10 laser spots per crystal (Table 3 ). The REE patterns from the different crystals are characterized by low chondrite-normalized LREE abundances, with relative concentrations increasing with increasing atomic number to the MREE, followed by a subhorizontal pattern from the MREE to the HREE ((Gd/Lu) N = 0.94 to 1.4; Figure 4 ). The chondrite-normalized REE patterns show small to moderate negative Eu anomalies (Eu/ Eu* = 0.53-0.64).
Compositions of the REE are relatively uniform within each fragment for most elements, but there are variations within and between the crystals for some LREE (La-Ce-Pr; Table 3 ). Larger variations can also be observed for the concentrations of U and Th, with the lowest values of U found in crystal XN04 (357 μg/g) and Th in the XN01 crystal (441 μg/g). The highest contents of U and Th are found in crystals XN01 (878 μg/g of U) and XN04 (1991 μg/g of Th). The average Th/U ratios range from 1.3 to 2.7.
Isotopic Characterization 4.2.1. U-Pb Geochronology by LA-ICP-MS
Due to the oscillatory zoning observed on BSE images, we have conducted five different laser ablation profiles by LA-MC-ICP-MS on the XN03 crystal (mount M2). The profiles consisted of horizontal and vertical transverses of 10 to 15 laser spots, across and within different domains (lighter and darker ones on the BSE image), in order to assess U-Pb isotopic heterogeneity (Figure 3b ). The results produced individual spot dates of 507 and 516 Ma (n = 54), within uncertainty of the 1% precision (at 2 s) of the technique ( Figure 3b and Table 4 ). McDonough and Sun (1995) . Li, Be, B, Sc, Ti, Zn, and As were all below 10 μg/g. The complete data set can be found in the supporting information. LA-SF-ICP-MS = Laser Ablation-Sector Field-Inductively Coupled Plasma-Mass Spectrometry. a Reference values are by Jochum et al. (2016) .
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Geochemistry, Geophysics, Geosystems Following confirmation of internal homogeneity using XN03 as a proxy, random fragments of the Datas xenotime (XN01 to XN05; mount M1) were analyzed in three different analytical sessions using LA-Q-ICP-MS, LA-SF-ICP-MS, and LA-MC-ICP-MS instruments at UFOP to check the session repeatability and overall reproducibility of the dates. All the data were acquired on the same epoxy mount (M1). Uncertainties are here reported at 95% confidence level and presented as α/β, where α is the within session sample weighted mean uncertainty and β is the weighted mean uncertainty (α) plus systematic uncertainties (Horstwood et al., 2016) . A summary of the U-Pb dates is shown in Figures 5-7 both as concordia diagrams and weighted average 206 Pb/ 238 U plots. An unweighted average summary for the five crystals on each equipment is shown in Table 4 , while the complete data set is available in the supporting information.
For the quadrupole instrument ( Figure 5 and Table 4) , 206 Pb/ 238 U weighted average dates ranged from 507 ± 5/11 Ma (XN04; mean square weighted deviation, MSWD = 0.35; n = 9) to 513 ± 4/11 Ma (XN05; MSWD = 0.23; n = 13). Repeatability of the 206 Pb/ 238 U dates was better than 0.8%, especially for the XN01 (0.6%), XN02 (0.5%), and XN03 (0.5%) crystals. For the sector field single collector ( Figure 6 and Table 4 ), weighted average 206 Pb/ 238 U dates ranged from 508 ± 2/8 Ma (XN03; MSWD = 0.89; n = 31) to 521 ± 2/8 Ma (XN05; MSWD = 0.33; n = 25). Similarly, the repeatability was better than 1.0% and as low as 0.5% for the XN01 crystal. For the multicollector ( Figure 7 and Table 4 ), weighted average dates are also within the same range of the previous data, between 513 ± 2/6 Ma (XN03; MSWD = 1.4; n = 6) and 517 ± 1/5 Ma (XN04; MSWD = 0.08; n = 6). The higher precision of this technique ) allowed a repeatability better than 0.5%. 
Geochemistry, Geophysics, Geosystems 
The resulting dates from each session are concordant to subconcordant and, although they are not identical, they agree within the precision of the LA-ICP-MS instruments (>1% 2 s). Overall reproducibility was better than 0.63% for all the samples. Thus, we have selected two of the five crystals (XN01 and XN02) with the best overall reproducibility (0.47% for both) to be tested by high-precision Isotope Dilution-Thermal Ionization Mass Spectrometry (ID-TIMS).
U-Pb Geochronology by ID-TIMS
ID-TIMS U-Pb isotope analysis of crystals XN01 and XN02 were carried out at the University of Toronto (Jack Satterly Geochronology Laboratory) and the University of Oslo. Both laboratories received two small fragments of each of the XN01 and XN02 crystals. The analyses show variable U concentrations, from 433 to 643 μg/g for XN01 and 707 to 1,240 μg/g for XN02. The average Th/U ratios are 1.0 and 1.3, respectively. 
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The samples are also characterized by low common Pb contents, as reflected by high 206 Pb/ 204 Pb between 19667 and 50843, for XN01, and 14252 to 53712, for XN02 (Table 5) , and total common Pb levels (blank + initial) of 1.2-2.7 pg.
U-Pb date uncertainties (at 95% confidence level) are reported as ±x/y/z, where x is the random uncertainty, y includes the systematic tracer uncertainty, and z is both tracer and decay constant uncertainties (Schoene et al., 2006) . The three aliquots (obtained from the two fragments) analyzed in the JSGL (Toronto) are concordant and produced a weighted average 206 Pb/ 238 U date of 513.3 ± 1.0/1.1/1.2 Ma (MSWD = 7.4; n = 3) for XN01, and 515.4 ± 0.3/0.6/0.8 Ma (MSWD = 0.9; n = 3) for XN02. The data from Oslo also produced concordant U-Pb ages and yielded weighted average 206 Pb/ 238 U dates of 513.7 ± 5.1/5.1/5.1 Ma (MSWD = 1.3; n = 2) and 515.1 ± 5.9/5.9/5.9 Ma (MSWD = 1.6; n = 2) for XN01 and XN02, respectively (Figure 8 ). The relatively high 
Discussion
Xenotime crystals studied here have variable but relatively low contents of Th and U and moderate to high ∑REE (Tables 2 and 3 ). Even though no significant compositional zoning was detected by means of BSE imaging when looking at the small shards from the megacrysts, some alteration, mainly along cleavage planes, can be seen on BSE images. Such domains are nevertheless easily avoided under transmitted light during LA-ICP-MS analyses.
Multiple major and trace element analyses via EMPA and LA-ICP-MS show that the Datas xenotime is relatively heterogeneous but within the range of other natural xenotime RMs (e.g., Fletcher et al., 2004 ; Table 6 ). Th/U ratio determined from different aliquots of XN01 and XN02 by ID-TIMS (Table 5 ) have a relative variation between 3.5% (XN01) and 0.6% (XN02). In comparison, MG-1 xenotime, the main RM used globally, the relative variation in Th/U obtained by ID-TIMS is of 31% . U contents and Th/U ratios obtained by LA-SF-ICP-MS are within the range of those acquired by ID-TIMS (Tables 3 and 5 ). Some slightly Fletcher et al., 2004; 2, Stern & Rayner, 2003; 3, Fletcher et al., 2000; 4, Cross & Williams, 2018; and 5 , this study. ID-TIMS = Isotope DilutionThermal Ionization Mass Spectrometry; REE = rare earth element.
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Geochemistry, Geophysics, Geosystems higher Th/U results obtained by laser ablation are probably due to the fact that different portions of the heterogeneous megacrystal were analyzed by this method. In any case, regardless of the RM, some chemical variability is likely to be the case for all natural xenotimes (Cross & Williams, 2018; Fletcher et al., 2004 Fletcher et al., , 2000 Stern & Rayner, 2003) .
The ID-TIMS U-Pb isotope data of the XN01 crystal show a minor heterogeneity that was only detected by the higher-precision results from the Toronto laboratory. Despite that, the results from both Oslo and Toronto gave a weighted average 206 Pb/ 238 U date of 513.4 ± 0.5 Ma (2 s). The data for the XN02, on the other hand, mostly overlap and produced a weighted average 206 Pb/ 238 U date 515.4 ± 0.2 Ma (2 s).
These dates are interpreted here as crystallization ages. Additional U-Pb data collected for these crystals by LA-(Q,SF,MC)-ICP-MS techniques show that they are sufficiently homogeneous at the precision of >1% (2 s), yielding concordant U-Pb isotope data with 206 Pb/ 238 U dates within uncertainties of those determined by ID-TIMS.
To assess the suitability of the Datas xenotime crystals as a primary RM, we have used XN01 to date other RMs (xenotime MG-1, BS-1 and z6413 from Fletcher et al., 2004; Stern & Rayner, 2003) , treated as unknowns. Operating conditions were identical to the previous LA-(SF, MC)-ICP-MS sessions. For data reduction purposes, it was assumed that the XN01 had the weighted average common Pb-corrected isotopic ratios of the ID-TIMS results from both Oslo and Toronto (Table 5) . Analysis of MG-1 and BS-1 xenotimes via LA-MC-ICP-MS yielded a weighted mean 206 Pb/ 238 U dates of 492 ± 1/5 Ma (95% c.l.; MSWD = 2.4; n = 18) and 509 ± 1/5 Ma (95% c.l.; MSWD = 0.67; n = 10), respectively (Table 7 and Figure 9 ). The z6413 data were slightly discordant; however, the upper intercept of 993 ± 4/11 Ma (95% c.l., MSWD = 0.21, n = 15) is identical to its reference age (Stern & Rayner, 2003 ; Table 7 and Figure 9 ). Ablation via LA-SF-ICP-MS on the MG-1 and BS-1 RMs yielded a weighted mean 206 Pb/ 238 U date of 489 ± 2/8 Ma (95% c.l.; MSWD = 1.07; n = 19) and 508 ± 3/8 Ma (95% c.l.; MSWD = 0.38; n = 14), respectively (Table 7 and Figure 9 ). The results obtained by using the XN01 Datas xenotime crystal as primary RM are in excellent agreement with the published values for MG-1, BS-1 and z6413 xenotimes Stern & Rayner, 2003; Table 6 ), again demonstrating that at the precision of >1% (2 s), the Datas crystal is sufficiently homogeneous. These results attest to the suitability of the Datas xenotime as a primary RM for U-Pb geochronology by LA-ICP-MS. Moreover, the reproducibility observed for the XN03, XN04, and XN05 crystals indicate that they are potential RMs for further ID-TIMS characterization. Future full characterization to develop these, and other Datas crystals, will be undertaken as the need arises, depending on the demand for aliquots of XN01 and XN02 crystal fragments.
The Datas xenotime has a higher U content than the BS-1 xenotime (Table 6) , producing higher count rates and consequently better analytical precision, especially when small beam spots are required. Compared to MG-1, despite the similar U contents, the higher ∑REE concentration of the Datas xenotime (similar to BS-1) would require less matrix corrections if used on a SIMS instrument (against several percent when using MG-1; Cross & Williams, 2018; Fletcher et al., 2004 ; Table 6 ). These features make the Datas xenotime a suitable RM with similar analytical attributes as MG-1 and BS-1. Moreover, the use of the Datas xenotime as a primary U-Pb RM for in situ applications would be especially valuable for dating low-temperature hydrothermal and diagenetic events (e.g., Rasmussen, 2005; Rasmussen et al., 2010) , polymetallic ore deposits (e.g., Cabral et al., 2011; Koglin et al., 2014; Zi et al., 2015) , pegmatites (e.g., Thöni et al., 2008) , metamorphism (e.g., Aleinikoff et al., 2015; Franz et al., 1996; Hetherington et al., 2008; Rasmussen et al., 2011) , among other geological circumstances were xenotime is a petrographically characterized U-bearing mineral.
Implications on the Origin of the Datas Xenotime
Several authors have used the xenotime composition in order to distinguish its origin (e.g., Kositcin et al., 2003; Lan et al., 2013; McNaughton & Rasmussen, 2018; Rasmussen et al., 2011; Tartèse et al., 2015; Vallini et al., 2005) . By comparing the composition of XN01-XN05 (Table 3) against other xenotimes, we observed a higher correlation between the Datas xenotime and hydrothermal xenotime studied by Lan et al. (2013) and Kositcin et al. (2003) , even though there are some overlaps between the hydrothermal data from the literature and some metamorphic and igneous xenotime data (Figure 10 ). Indeed, only by means of U and Th/U contents, most xenotime formation environment overlap according to the recent diagram proposed by McNaughton and Rasmussen (2018-not shown) . In a similar way to that of monazite, igneous xenotime has a pronounced negative Eu/Eu* anomaly, while diagenetic and hydrothermal xenotime usually do not (e.g., Aleinikoff et al., 2015; Kositcin et al., 2003) . In a plot of Eu/Eu* anomaly against U contents, the hydrothermal origin of the xenotime becomes more evident (Figure 10) , even though the Europium anomaly is variable and some of the hydrothermal data from the compilation overlap with a metamorphic origin. The chondritenormalized REE pattern of the Datas xenotime (Figure 11 ) also shows some similarities between the pattern of the hydrothermal xenotime, with a relative depletion of LREE and a less pronounced Eu/Eu* anomaly, but, again, the results do not completely agree and some overlap with other formation environments occur.
As the identification of the origin of the Datas xenotime does not seem to be possible solely on a geochemical basis, a petrographic approach could also be used. Centimeter-scale xenotime crystals are usually rare, most commonly being found as~50-μm grains or smaller (e.g., McNaughton & Rasmussen, 2018; Rasmussen, 2005) . The sampling area of the alluvial Datas deposit is dominated by low-grade metasedimentary sequences (e.g., Chemale et al., 2012;  Figure 1 ). It is highly unlike that centimeter-scale xenotime could have originated by diagenetic or metamorphic processes within these rocks. On the other hand, the area has abundant quartz veins crosscut these metasediments and bear centimeter-scale minerals, such as monazite and rutile (e.g., Gonçalves et al., 2018; Scholz et al., 2012) , even if no xenotime-bearing quartz vein has yet been described. Quartz vein that bear centimeter-scale xenotimes are described in the Novo Horizonte Franz et al. (1996) ; diagenetic- Rasmussen et al. (2011) and Kositcin et al. (2003) ; igneous- Kositcin et al. (2003) and Förster (1998); and hydrothermal-Lan et al. (2013) and Kositcin et al. (2003) .
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Geochemistry, Geophysics, Geosystems area, toward north of the AO. The U-Pb ID-TIMS dates of one sample from that area ranges from 492 to 511 (Stern & Rayner, 2003) .
These coupled geochemical/petrographic features suggest that the Datas xenotime was derived from the hydrothermal quartz veins that cross cut the metasediments in the Southern Espinhaço Range (Figure 1) . Hydrothermal monazite from a few kilometers away from Datas (Diamantina; Figure 1 ) has been dated at circa 495 Ma via LA-ICP-MS and ID-TIMS (Gonçalves et al., 2018) . Both the xenotime and monazite ages fall within the waning stages of , which also overlap with emplacement of many postcollisional granitoids and pegmatites (Pedrosa-Soares et al., 2011) . We interpret the xenotime and monazite as the result of extensive fluid flow during the collapse phase of the orogen.
Conclusions
We propose the XN01 and XN02 xenotime crystals as primary RMs for U-Pb LA-ICP-MS analyses. The homogeneity of the crystals was demonstrated via multiple U-Pb analyses of the LA-(Q,SF,MC)-ICP-MS, which all agree within uncertainty, to the ID-TIMS results. Furthermore, it was possible to reproduce the ages of other known RMs when calibrated against the XN01 crystal. The average ID-TIMS 206 Pb/ 238 U date of 513.5 ± 0.5 Ma (2SE), for XN01, and 515.4 ± 0.2 Ma (2SE), for XN02, are interpreted as the crystallization age of these megacrysts and should be used as the accepted age of the RM. The relative homogeneity of U-Pb ages for the XN03, XN04, and XN05 megacrysts at the 1% precision of the LA-ICP-MS system makes them good candidates for further ID-TIMS characterization.
The EMPA and LA-SF-ICP-MS chemical analyses and petrographic features suggest that the alluvial Datas xenotime crystals have a hydrothermal origin, being sourced from the meter-to kilometer-scale quartz veins that crosscut the Southern Espinhaço Range. The age of the Datas crystals suggests multiple quartz vein emplacement during Cambrian times, matching the gravitational collapse of the AO.
We are willing to distribute fragments of these megacrysts upon request (please contact the corresponding author). (Franz et al., 1996; Rasmussen et al., 2011) ; (b) igneous (Förster, 1998; Kositcin et al., 2003) ; (c) hydrothermal (Kositcin et al., 2003; Lan et al., 2013) ; and (d) diagenetic (Kositcin et al., 2003; Rasmussen et al., 2011) . Concentrations were normalized by the chondrite values from McDonough and Sun (1995) .
